Findings
========

Background
----------

Hepatitis E virus (HEV) is a hepatotropic virus, causative agent of hepatitis E that has clinical and morphological characteristics of acute viral hepatitis \[[@B1],[@B2]\]. In humans, the infection may vary in severity from inapparent to fulminant. The mortality is between 1% and 4%, and in pregnant women this can reach 25% \[[@B1]\].

Genotypes 1 and 2 appear to be mainly anthroponotic whereas genotypes 3 and 4 can be also zoonotic \[[@B3],[@B4]\].

In resource-limited countries, HEV infection is endemic and spreads mainly through contamination of water supplies. Autochthonous cases have been reported in the USA, Europe, industrialized countries of the Asia--Pacific area and South America. Since the first description of a swine HEV strain in 1997 \[[@B5]\], swine HEV has been detected all over the world and in several animal species (e.g. wild boar, mongoose and deer). In developed regions, human and swine strains show sympatric distribution \[[@B6]\].

Genotype 3 has been identified in humans and animals in developed countries in almost all continents.

Higher HEV seroprevalence is detected in slaughterhouse workers and veterinarians \[[@B7],[@B8]\], and it is evaluated that one third of the worldwide population has been in contact with the virus since HEV antibodies have been detected in serum \[[@B9],[@B10]\].

In 2008 Di Bartolo et al. \[[@B11]\] investigated the prevalence of swine HEV in 274 pigs from six different swine farms of Northern Italy. Viral RNA was tested in faeces and HEV RNA was detected in 42% of the samples. All farms tested positive for HEV, with a prevalence ranging between 12.8% and 72.5%. All age groups tested HEV-RNA positive, although infection was more prevalent in weaners than in the older fatteners (42.2% vs. 27.0%).

Fernandez-Barredo et al. \[[@B12]\] et al. in 2006, tested 146 faecal samples of pigs from 21 farms. HEV RNA was detected in faecal samples from 34 pigs (23.29%). Pigs in the first month of feeding (60%) and weaners (41.7%) presented higher HEV prevalence.

De Deus *et al.*\[[@B13]\] conducted a prospective study, where 19 sows and 45 piglets were tested for antibodies to HEV. HEV IgG and IgM antibody was detected in 76.9% and 15.4% of sows, respectively. HEV RNA was also detected in serum at all analysed ages with the highest prevalence at 15 weeks of age. HEV was detected in faeces and lymph nodes for the first time at 9 weeks of age and peaked at 12 and 15 weeks of age. This peak coincided with the occurrence of hepatitis as well as with HEV detection in bile, liver, mesenteric lymph nodes and faeces, and with highest IgG and IgM OD values at 15 weeks.

Few HEV transmission dynamics studies have been performed so far. The common aim of those studies was evaluating the R~0~ that represents the number of infections that one infectious animal can cause in a fully susceptible population \[[@B14]\]\[[@B15]\]. Backer et al. estimated transmission parameters to explain the prevalence pattern in pigs of different age groups. Briefly, the model describes how soon after exposure a susceptible animal can be infected (expressed by the transmission rate parameter) and how long an infectious animal excretes virus (expressed by the average infectious period).

Satou et al. \[[@B15]\] tried to clarify the mechanisms of transmission within farms in order to facilitate an understanding of the age-specific patterns of infection, especially just prior to slaughter.

Many HEV prevalence studies have been performed \[[@B12],[@B16]\] but none of them compared HEV prevalence in different EU countries as well as in different age groups.

Hence, the aim of the present study was to evaluate HEV prevalence and HEV transmission rates in different pig age groups in different countries. For this work, results from pig samples obtained from farms in Czech Republic, Italy, Portugal, Spain, The Netherlands and United Kingdom were used. For comparison of HEV transmission rates and HEV infectious periods, the model developed by Backer *et al.* was used.

Methods
=======

Consensus from all farm owners was obtained previous the sample collection.

All the faeces collection was performed in conformity with standard guides, since that only faces were collected in the floor of the pigs pen and the animal were no touched at all an ethical consensus was not requested and necessary for this study.

Samplings
---------

The UK data sets (UK2007 and UK2008) consisted of 10 herds sampled by age class: weaners (6--9 weeks of age), growers (10--12 weeks of age), fatteners (13--22 weeks of age) and sows. Pig stool samples were collected from 10 different pig farms in 2007 and 10 pig farms in 2008. Five stool samples were obtained from each age group.

In the Portugal data set, each herd was tested at entering (weaning age of 3 weeks), growing (7 weeks) and at departure (slaughtering age of 21 weeks). A total of 200 pig stool samples were collected from 5 industrial pig farms (40 samples per farm) between December 2010 and February 2011. From each farm a total of 10 stool samples were obtained from each age group.

The data sets of Italy and The Netherlands comprised test results of one fattening group (21 weeks) of one single farm, whereas the data set obtained from Spain comprised of one group of sows in one single farm, where 144 faeces were tested for HEV RNA.

Ten pig farms were selected in Czech Republic, and a total of 200 pigs of different age groups: weaners, growers, fatteners, sows and boar where faeces were tested for HEV.

In all farms, samples of a minimum of 1 g of faeces were collected aseptically in a sterile plastic bag and maintained at 4°C (max. 24 h) or frozen at −20°C until processing.

### RNA extraction and RT-PCR procedures

#### UK 2007, 2008 and Italy

RNA extraction and PCR is detailed by McCreary *et al.* 2008 \[[@B16]\]. Briefly 0.·2 g of faeces were suspended in 1.·8 ml phosphate-buffered saline, and 140 μl of the supernatant was used to extract RNA, using the QIAamp Viral RNA mini kit (Qiagen) according to the manufacturer's instructions. The first round of the PCR used 2 μl of RNA. The reaction conditions were 96°C for five minutes, then 35 cycles of 96°C for five seconds, 55°C for five seconds and 75°C for 30 sec, followed by 72°C for one minute. A second round was carried out with a nested PCR, using a fast cycling PCR (Qiagen). These primers of the ORF-2 region are 3158 N (forward): 5′ GTT(A)ATGCTT(C)TGCATA(T)CATGGCT-3′ and 3159 N (reverse): 5′-AGCCGACGAAATCAATTCTCTC-3′ \[[@B17]\]. The products of the amplification process were electrophoresed, and visualised with UV light. For confirmation, the amplicons were sequenced, and the sequences obtained were assembled by using SEQMAN or DNAStar.

In Italy, RNA was processed by a reverse transcription (RT)-nested-PCR using protocol by Huang *et al.*, 2002 \[[@B17]\] with SuperScript One-Step RT-PCR with Platinum Taq (Invitrogen; Carlsbad, CA, USA) kit, as described in Di Bartolo et al. \[[@B18]\].

The Netherlands, Portugal, Spain and Czech Republic
---------------------------------------------------

Two hundred and fifty mg of soft faecal contents was suspended in 2.25 ml of gentamycin-containing PBS solution and centrifuged at 3000 *g* for 15 min. Nucleic acid was extracted from 140 μl of the supernatant using the QIAamp® viral RNA mini kit (QIAGEN), according to manufacturer's instructions.

Jothikumar's primers and probes were used and they were designed on a multiple sequence alignment of HEV genome sequences in the ORF3 region available in GenBank \[[@B19]\]. Real time RT-PCR was performed using RNA Ultrasense™ One-Step Quantitative RT-PCR System (Invitrogen) and primers and probe: JHEV-F (5′- GGT GGT TTC TGG GGT GAC -3′); JVHEV-R (5′- AGG GGT TGG TTG GAT GAA -3′); JHEV-P (Taqman probe) (5′-FAM- TGA TTC TCA GCC CTT CGC --BHQ1-3′) \[[@B19]\]. Ten μl of RNA were added to a mix containing buffer RNA Ultrasense reaction mix (5x), ROX reference dye (50x) and RNA Ultrasense enzyme mix.

The real time RT-PCR was carried out at 50°C for 15 min, 95°C for 2 min, and 45 cycles at 95°C for 10 s, 55°C for 20 s and 72°C for 15 s.

The sensitivity of the set primers used for the HEV detection between all countries was comparable; positive (RNA of HEV positive liver) and negative (water) controls were used during the RNA extraction and during the PCRs and they worked as expected. Primers sensitivity of Huang *et al.* was 3.2 PID ~50~ while Jotikimuar *et al.* sensitivity was 1.2 PDI ~50~ but usually HEV in pig faeces is detectable above this values.

### HEV transmission modelling

The model used to describe HEV transmission in a pig herd is an age-structured SIR model (Backer et al.\[[@B20]\]). Each age group was subdivided in three distinct compartments consisting of pigs that are susceptible (S), infectious (I) or recovered (R) \[[@B21]\]. For the analyses, it was assumed that each susceptible animal can be infected by an infectious animal in its own group or any other group with the same probability. The sample sizes in each data set were assumed to represent 5% of the total group size.

The transmission dynamics are characterized by the average infectious period μ and the transmission rate parameter β that signifies the number of infections one infectious animal can cause per time unit. The product of these two parameters is the reproductive number R~0~ = β μ that expresses the number of infections one infectious animal can cause during its entire infectious period in a fully susceptible population. When the reproductive number is larger than unity, R~0~ \> 1, an outbreak can grow exponentially. Otherwise, when R~0~ \< 1 the outbreak will die out. Our model assumes the HEV transmission to be in endemic equilibrium, i.e. the disease can sustain itself in the regenerating pig population. For this reason, we have omitted the herds with few or only negative results, as for these endemic equilibrium could not be justified.

The UK data sets (UK2007 and UK2008) consisted of herds subdivided into three groups: weaners (6--9 weeks of age), growers (10--12 weeks of age) and fatteners (13--26 weeks of age). Animals entering the weaning group were assumed to be uninfected \[[@B20]\]. In the Portugal data set, the herds were assumed to consist of one group that was tested at entering (weaning age of 3 weeks) and at departure (slaughtering age of 21 weeks) \[[@B20]\]. The test results of the growers (age of 7 weeks) were used as proxy for the infection pressure in the entire herd \[[@B20]\]. The data sets of Italy and The Netherlands comprised test results of just one fattening group. For this reason, we could not estimate the transmission rate parameter and the average infectious period separately, but only their product, the reproductive number \[[@B20]\]. For both data sets the total residence time is assumed to be 20 weeks from weaning to slaughtering age \[[@B20]\]. Data sets of Spain and Czech Republic were almost completely negative. For this reason, we could not estimate the reproductive number for these sets.

Results
=======

HEV prevalence in different age groups in the UK (2007, 10 farms and 2008, 10 farms), in Portugal (2011, 5 farms), Italy (2010, 3 farms), The Netherlands (2011, 1 farm), Czech Republic (2010, 10 farms), Spain (one farm between 2010 and 2011) are depicted in Figure [1](#F1){ref-type="fig"}. Briefly prevalence of weaners, grower's fatteners and sows in UK 2007 was 26%, 44%, 10% and 6% respectively. Prevalence of prevalence of weaners, growers, fatteners and sows in UK 2008 was 8%, 22%, 8.8%and 2%. Prevalence of weaners, growers, fatteners and sows in Portugal was 30%, 20%, 30% and 4% respectively. Prevalence of fatteners in Italy was 23%. Prevalence of fatteners in The Netherlands was 73% meaning that 44 out of 60 pigs were shearing virus in the faeces on the day of the sample collection. The data set is similar between the age groups and prevalence match with other studies. The prevalence in The Netherlands was relatively higher in the fattening groups compared to the other European fattening groups.One hundred and forty-four faecal samples from sows collected in Spain and tested by real time RT-PCR were found to be HEV negative, while 4.3% of the boars (1 positive out of 23) were positive. In none of the weaners and fatteners tested in the CzechRepublic, HEV RNA was detected. Only one grower out of 32 (3.1%), 5 sows out of 103 (5%) and 1 boar (3.5%) out of 28 tested HEV positive by real time RT-PCR.

![**Mean HEV prevalence in six different EU countries.**HEV prevalence plotted for six countries and 5 pig age groups. Error bars denote the standard error of the mean.](1756-0500-5-190-1){#F1}

Table [1](#T1){ref-type="table"} shows the transmission rate parameter β, average infectious period μ and reproductive number *R*~0~ of UK 2007 and 2008 and Portugal and the reproductive number *R*~0~ for Italy and The Netherlands. The data set from Spain and Czech Republic could not be used in this study since all or almost all animal tested were HEV negative and we could not apply the model to those data.

###### 

Estimated transmission rate parameters

  **dataset**             **transmission rate parameter β (day**^**-1**^**)**   **average infectious period μ (days)**   **reproductive number*R***~**0**~                     
  ---------------------- ----------------------------------------------------- ---------------------------------------- ----------------------------------- ------------ ----- --------------
  UK 2007 (10 herds)                             0.11                                      (0.070 -- 0.17)                              43                   (33 -- 59)   4.7   (3.6 -- 6.4)
  UK 2008 (8 herds)                              0.071                                     (0.041 -- 0.13)                              43                   (29 -- 73)   3.1   (2.5 -- 4.1)
  Portugal (6 herds)                             0.037                                     (0.0035 -- 0.16)                             101                  (70--403)    3.7   (1.2 -- 14)
  Italy (3 herds)                                 \-                                                                                    \-                                2.0   (1.4 -- 3.6)
  Netherlands (1 herd)                            \-                                                                                    \-                                8.4   (5.3 -- 15)
  Spain                                           \-                                                                                    \-                                \-         \-
  Czech Republic                                  \-                                                                                    \-                                \-         \-

Median maximum likelihood estimates and 5% -- 95% credible interval between brackets.

Discussion
==========

The HEV transmission dynamics in commercial pig farms in six different European countries (UK, Portugal, Italy, The Netherlands, Spain and Czech Republic) was studied.

The data collected show prevalence in weaners ranging from 8% to 30%. The average HEV prevalence in growers was between 20% and 44%. The fatteners prevalence ranged between 8% and 73%. Sows prevalence was similar in all countries. Boar faeces were tested for HEV only in Spain and Czech Republic, and the prevalence was 4.3% and 3.5% respectively.

Overall, Figure [1](#F1){ref-type="fig"} describes HEV prevalence comparing Czech Republic, Italy, Portugal, Spain, The Netherlands and UK 2007, 2008. The data set is similar between the age groups and prevalence matches with other studies \[[@B12],[@B16]\]. The prevalence in the fattening groups in Italy and The Netherlands was relatively higher compared to other European fattening groups \[[@B21]\].

These data are similar to previously published Italian \[[@B11]\] and Spanish \[[@B12]\] data, confirming that HEV prevalence during time is constant and HEV is circulating in all farms in all age groups, from weaners to fatteners and that pigs close to the slaughter age can still be HEV infected.

The collected data sets were analyzed using a recently developed model to estimate the transmission dynamics of HEV in the different countries \[[@B20]\].

Satou *et al.* in 2007 \[[@B15]\] studied HEV transmission in 6 different Japanese provinces and found the reproductive number in the order of 4.02 -- 5.17, which agrees with our estimated reproductive numbers ranging from 2.0 to 8.4. The study by Satou et al. \[[@B15]\] was the first report on HEV transmission estimated from field data. Bouwknegt *et al.* in 2008 performed the first HEV transmission dynamics study in an animal experiment \[[@B22]\]. In this study, the R~0~ was found to be 8.8 and 32 in two separate experiments, much higher than 1.0 indicating that swine could be assumed to be a true reservoir of HEV. The R~0~ values calculated by us are lower than the R~0~ values calculated by Bouwknegt et al. \[[@B22]\]. This is because the infectious periods are comparable, but the transmission rate parameters for the experimental and field situation are different.

The average infectious period μ in UK 2007 data was for instance estimated to be 43 (33 -- 59) days, whereas Bouwknegt *et al.*\[[@B22]\] estimated average infectious periods of 49 (17--141) days and 13 (11 -- 17) days.

The transmission rate parameter in our study was 0.11 (0.070 -- 0.17) day^-1^ for UK 2007, meaning that one infectious animal infects another animal every 10 days. The transmission rate parameters were 0.071 (0.041-0.13) day^-1^ for UK 2008 and 0.037 (0.0035-0.16) day^-1^ for Portugal 2011. In the animal experiments, Bouwknegt et al. \[[@B22]\] estimated a higher rate of transmission, i.e. 0.66 (95% CI: 0.32--1.35) day^-1^. The difference can be explained by the closer proximity of animals in an experimental setting compared to a farm situation and by the fact that contact animals in a transmission experiment encounter only animals that are in the early and possibly more infectious stages of virus shedding.

The transmission rate parameters for the other EU countries could not be estimated because either only one age group was tested or the majority of the animals were negative and the model was not applicable.

This study gave a genuine contribution to better understand HEV prevalence in six different European countries by a mathematical model.

We would like to highlight that HEV is highly circulating in many pig farms in Europe and can be present in fattening pigs, where usually this age group is the one arriving to the table. In industrialized regions, although the incidence of clinical hepatitis E in humans is low, the seroprevalence is relatively high \[[@B22]\], indicating a high proportion of subclinical disease and/or underdiagnosis \[[@B8]\]. It is likely that a small proportion of this exposure to HEV results from travel to endemic regions, or migration from endemic regions \[[@B23]\], this still leaves a substantial level of exposure to HEV that appears to have an indigenous source.

HEV positive fatteners were found in all European countries studied. This may pose an important risk for public health especially in those countries where pork products are eaten undercooked or raw.
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